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The SM The MSSM
Anagram:

“Tested Damn 
Hard” (l,o)

Anagram:
“Resilient Scam Amidst 

Theory-Madmen” (p,l,u,r,m)

●  for large

-how much fine tuning?
- maximal mixing?

mh0 ≤ MZ●
m

t̃

mh0 ≤ 130 GeV
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Why is                     ?

which is small, and so then is 

mh0 ≤ MZ

● the quartic, λ, controls  
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● the SM does not constrain λ
● the MSSM does!

λ ∼

g2 + g′2
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mh0 ∼ λv2 (3)
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H H Σ E < mΣ (21)

〈Σ〉 = 2.5 TeV, mΣ ∼ 10 TeV (22)

MV = 4.5TeV (23)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (24)

∆ ≈ 7, mh0 ≤ 210 GeV (25)

mh0 < ∼ 350 GeV (26)
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λfλc〈Σ〉
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MSSM

“MSSM+S” D-terms

Alphabet Soup?

Hybrids
(”Fat Higgs”, Gauge-Extended NMSSM, 
“New Fat Higgs”, Accelerated D-terms)



How to increase λ
1) “MSSM+S”--New Superpotential interactions

● requires new matter and couplings

● limited by perturbativity

(Espinosa & Quiros,1998)

mh0 ≤ 200 GeV
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2) new D-terms (gauge interactions)
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●  an asymptotically-free contribution

●  significantly larger λ, and...
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How to increase λ
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●  no enhancement: λ ∼

g2 + g′2
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Decoupling D-terms



Instead, break SUSY simultaneously with a large 
soft-mass, 
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● The low-energy              ‘remembers’ 
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Non-decoupling D-terms



●   Limits

●   if       is large, so then is       

●              characterizes the strength of the effect
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3rd Gen.
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“Topflavor”

● Yukawa Couplings?
● Unification?
● Fine-tuning?
● Precision Electroweak Constraints?

Asymptotic Freedom



● add an extra pair of Higgs-like doublets

● include mixing terms in the Superpotential

H H Σ E < mΣ (20)

〈Σ〉 = 2.5 TeV, mΣ ∼ 10 TeV (21)

MV = 4.5TeV (22)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (23)

∆ ≈ 7, mh0 ≤ 210 GeV (24)

mh0 < ∼ 350 GeV (25)

W ⊃ µ′H ′H ′ + λcQccH ′ + λfHΣH ′ + λfH
′ΣH (26)

W ⊃
λfλc〈Σ〉

µ′
QccH (27)

H ′ H ′ (28)

2

Large mass term

H H Σ E < mΣ (20)

〈Σ〉 = 2.5 TeV, mΣ ∼ 10 TeV (21)

MV = 4.5TeV (22)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (23)

∆ ≈ 7, mh0 ≤ 210 GeV (24)

mh0 < ∼ 350 GeV (25)

W ⊃ µ′H ′H ′ + λcQccH ′ + λfHΣH ′ + λfH
′ΣH (26)

W ⊃
λfλc〈Σ〉

µ′
QccH (27)

H ′ H ′ (28)

SU(2)2 SU(2)W (29)

2

‘Yukawa’ Feeding terms

● at low energies:

H H Σ E < mΣ (20)
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MV = 4.5TeV (22)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (23)
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mh0 < ∼ 350 GeV (25)
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′ΣH (26)

W ⊃
λfλc〈Σ〉
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QccH (27)

H ′ H ′ (28)

SU(2)2 SU(2)W (29)
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Yukawa’s with natural suppression

H H Σ E < mΣ (20)

〈Σ〉 = 2.5 TeV, mΣ ∼ 10 TeV (21)

MV = 4.5TeV (22)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (23)

∆ ≈ 7, mh0 ≤ 210 GeV (24)

mh0 < ∼ 350 GeV (25)
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3rd Gen.
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1st & 2nd Gen.

H H Σ E < mΣ (20)

〈Σ〉 = 2.5 TeV, mΣ ∼ 10 TeV (21)

MV = 4.5TeV (22)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (23)

∆ ≈ 7, mh0 ≤ 210 GeV (24)
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Yukawas



A gluon loop diagram

1

A gluon loop diagram

1
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● oblique corrections to

H H Σ E < mΣ (20)

〈Σ〉 = 2.5 TeV, mΣ ∼ 10 TeV (21)

MV = 4.5TeV (22)
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W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ (32)
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● non-oblique corrections to
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● non-universal 3rd Generation couplings!

H H Σ E < mΣ (20)

〈Σ〉 = 2.5 TeV, mΣ ∼ 10 TeV (21)

MV = 4.5TeV (22)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (23)

∆ ≈ 7, mh0 ≤ 210 GeV (24)

mh0 < ∼ 350 GeV (25)

W ⊃ µ′H ′H ′ + λcQccH ′ + λfHΣH ′ + λfH
′ΣH (26)

W ⊃
λfλc〈Σ〉

µ′
QccH (27)

H ′ H ′ (28)

SU(2)2 SU(2)W (29)

H ′, H ′ (30)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (31)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (32)

2

H H Σ E < mΣ (20)

〈Σ〉 = 2.5 TeV, mΣ ∼ 10 TeV (21)

MV = 4.5TeV (22)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (23)

∆ ≈ 7, mh0 ≤ 210 GeV (24)

mh0 < ∼ 350 GeV (25)

W ⊃ µ′H ′H ′ + λcQccH ′ + λfHΣH ′ + λfH
′ΣH (26)

W ⊃
λfλc〈Σ〉

µ′
QccH (27)

H ′ H ′ (28)

SU(2)2 SU(2)W (29)

H ′, H ′ (30)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (31)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (32)

2

H H Σ E < mΣ (20)

〈Σ〉 = 2.5 TeV, mΣ ∼ 10 TeV (21)

MV = 4.5TeV (22)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (23)

∆ ≈ 7, mh0 ≤ 210 GeV (24)

mh0 < ∼ 350 GeV (25)

W ⊃ µ′H ′H ′ + λcQccH ′ + λfHΣH ′ + λfH
′ΣH (26)

W ⊃
λfλc〈Σ〉

µ′
QccH (27)

H ′ H ′ (28)

SU(2)2 SU(2)W (29)

H ′, H ′ (30)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (31)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (32)

2

H H Σ E < mΣ (20)

〈Σ〉 = 2.5 TeV, mΣ ∼ 10 TeV (21)

MV = 4.5TeV (22)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (23)

∆ ≈ 7, mh0 ≤ 210 GeV (24)

mh0 < ∼ 350 GeV (25)

W ⊃ µ′H ′H ′ + λcQccH ′ + λfHΣH ′ + λfH
′ΣH (26)

W ⊃
λfλc〈Σ〉

µ′
QccH (27)

H ′ H ′ (28)

SU(2)2 SU(2)W (29)

H ′, H ′ (30)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (31)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (32)

2

H H Σ E < mΣ (20)

〈Σ〉 = 2.5 TeV, mΣ ∼ 10 TeV (21)

MV = 4.5TeV (22)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (23)

∆ ≈ 7, mh0 ≤ 210 GeV (24)

mh0 < ∼ 350 GeV (25)

W ⊃ µ′H ′H ′ + λcQccH ′ + λfHΣH ′ + λfH
′ΣH (26)

W ⊃
λfλc〈Σ〉

µ′
QccH (27)

H ′ H ′ (28)

SU(2)2 SU(2)W (29)

H ′, H ′ (30)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (31)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (32)

2

2

●     vertex corrections

H H Σ E < mΣ (20)

〈Σ〉 = 2.5 TeV, mΣ ∼ 10 TeV (21)

MV = 4.5TeV (22)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (23)

∆ ≈ 7, mh0 ≤ 210 GeV (24)

mh0 < ∼ 350 GeV (25)

W ⊃ µ′H ′H ′ + λcQccH ′ + λfHΣH ′ + λfH
′ΣH (26)

W ⊃
λfλc〈Σ〉

µ′
QccH (27)

H ′ H ′ (28)

SU(2)2 SU(2)W (29)

H ′, H ′ (30)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (31)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (32)

2

H H Σ E < mΣ (20)

〈Σ〉 = 2.5 TeV, mΣ ∼ 10 TeV (21)

MV = 4.5TeV (22)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (23)

∆ ≈ 7, mh0 ≤ 210 GeV (24)

mh0 < ∼ 350 GeV (25)

W ⊃ µ′H ′H ′ + λcQccH ′ + λfHΣH ′ + λfH
′ΣH (26)

W ⊃
λfλc〈Σ〉

µ′
QccH (27)

H ′ H ′ (28)

SU(2)2 SU(2)W (29)

H ′, H ′ (30)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (31)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (32)

2

H H Σ E < mΣ (20)

〈Σ〉 = 2.5 TeV, mΣ ∼ 10 TeV (21)

MV = 4.5TeV (22)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (23)

∆ ≈ 7, mh0 ≤ 210 GeV (24)

mh0 < ∼ 350 GeV (25)

W ⊃ µ′H ′H ′ + λcQccH ′ + λfHΣH ′ + λfH
′ΣH (26)

W ⊃
λfλc〈Σ〉

µ′
QccH (27)

H ′ H ′ (28)

SU(2)2 SU(2)W (29)

H ′, H ′ (30)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (31)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (32)

2

H H Σ E < mΣ (20)

〈Σ〉 = 2.5 TeV, mΣ ∼ 10 TeV (21)

MV = 4.5TeV (22)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (23)

∆ ≈ 7, mh0 ≤ 210 GeV (24)

mh0 < ∼ 350 GeV (25)

W ⊃ µ′H ′H ′ + λcQccH ′ + λfHΣH ′ + λfH
′ΣH (26)

W ⊃
λfλc〈Σ〉

µ′
QccH (27)

H ′ H ′ (28)

SU(2)2 SU(2)W (29)

H ′, H ′ (30)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (31)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (32)

2

H H Σ E < mΣ (20)

〈Σ〉 = 2.5 TeV, mΣ ∼ 10 TeV (21)

MV = 4.5TeV (22)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (23)

∆ ≈ 7, mh0 ≤ 210 GeV (24)

mh0 < ∼ 350 GeV (25)

W ⊃ µ′H ′H ′ + λcQccH ′ + λfHΣH ′ + λfH
′ΣH (26)

W ⊃
λfλc〈Σ〉

µ′
QccH (27)

H ′ H ′ (28)

SU(2)2 SU(2)W (29)

H ′, H ′ (30)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (31)

W Z MW MZ Z ′, W ′ Z ′ W ′ W, Z 〈H〉 MW , MZ GF fL (32)

2

Precision Corrections



Precision Electroweak Constraints

• The dominant corrections are:

– Oblique corrections to W and Z masses.

– Vertex corrections to fL.

– Non-oblique contributions to GF .

– Small triplet VEV in Σ as before.

– Non-universal corrections to 3rd family couplings!

• Strongest constraints are from τ and b couplings.

• Bounds are a function of s2:
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● Diagonal SU(5) Unification



A New Fine-Tuning?

• Now that SU(2)1 is asymptotically free, we can
raise g1 at u to its perturbative limit α1(u) ∼ 1.

• s2 " .05, u ≥ 3.1 TeV.

• This allows∆ " 20 ⇒ mh " 350 GeV!

• However, to have g1(u) maximal, we are effectively
tuning two independent parameters: u and the

confinement scale Λ1.

• A (heuristic) way to quantify the fine-tuning is to ask

how close g1(MG) has been tuned to its critical
value in order to have a given Higgs mass:
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MV = 4.5TeV (22)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (23)

∆ ≡ 7, mh0 ≤ 210 GeV (24)
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A New Mass Bound for SUSY



Post LHC

● Non-SUSY Higgs potential

● New Higgs mass relation from the top sector

● gauginos which couple differently to the 3rd 
generation

● Confusing SUSY spectra, with heavy W’
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Recap

● D-term quartics:

● Asymptotically-free “MSSM+S”; similar mass 
bounds,  novel spectra

● How much parameter space remains for the 
MSSM?

Perturbative

m2
Σ ! 〈Σ〉 → ∆g2 ∼ g2

1 (20)

H H Σ E < mΣ (21)

〈Σ〉 = 2.5 TeV, mΣ ∼ 10 TeV (22)

MV = 4.5TeV (23)

g1(〈Σ〉) = 1.8, g2(〈Σ〉) = .70 (24)

∆ ≈ 7, mh0 ≤ 210 GeV (25)

mh0 < ∼ 350 GeV (26)

mh0 < ∼ 350 GeV (27)

W ⊃ µ′H ′H ′+λcQccH ′+λfHΣH ′+λfH ′ΣH
(28)

W ⊃
λfλc〈Σ〉

µ′
QccH (29)

3

Not fine-tuned

Not Dicussed--Hybrids:



Figure 13: The radiatively corrected light CP-even Higgs mass is plotted as a function of MSUSY ≡ MQ = MU = MD,
for Mt = 174.3 GeV, mA = 1 TeV and two choices of tanβ = 3 and tanβ = 30. Maximal mixing and minimal mixing
are defined according to the value of Xt that yields the maximal and minimal Higgs mass as shown in fig. 12(a).

radiative corrections. The dominant corrections to M2, coming from the one-loop top and bottom
quark and top and bottom squark contributions plus the two-loop leading logarithmic contributions,
are given to O(h4

t , h
4
b) by [149,150,152]
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where sβ ≡ sin β, cβ ≡ cos β, and the coefficients cij are:

cij ≡ tijh2
t + bijh2

b − 32g2
3

32π2
, (44)
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SUSY Higgs Bounds
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FIG. 3: The lines plot the lightest Higgs boson mass in the MSSM as a function of the

supersymmetry scale ∆S , whose leading log value is ∆2
S = m2

t̃
. The four lines from bottom to

top represent tan β = 2, 3, 5, 30.

results of this plot are well known [26]. Low tan β requires large supersymmetry breaking

mass in order to evade the current experimental limits on the lightest Higgs boson mass.

Large tanβ enables the MSSM to be comfortably within all experimental constraints for

moderately small supersymmetry breaking mass.

We view it as a success that supersymmetry predicts that its lightest Higgs boson mass

can naturally reside in the squeezed window of 114.1 GeV from direct experimental searches

and 222 GeV from precision electroweak measurements. Superpartners could disrupt the

precision electroweak predictions, but it is well known that supersymmetry decouples rapidly

from Z-pole observables. Attempts to make the global fits to the data better by resolving

some small discrepancies between leptonic and hadronic observables also demonstrate the

rapid decoupling of supersymmetry, since the active superpartners in these studies must be

very light (e.g., mν̃
<∼ mZ as in ref. [27]).
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SUSY Higgs Bounds



Espinosa, Quiros (1998)

“MSSM+S” Limits
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FIG. 4: The five lines are for the same values of tan β in the NMSSM. The λs coupling of the

superpotential λsSHuHd term is assumed to be at its maximum allowed value without blowing up

before the scale Λ (λs < 5.1). Since sin2 θW (Λ) correlates directly with Λ we provide the sin2 θW (Λ)

values on the upper axis.

very different. The result, with ∆S = 500 GeV is

sin2 θW = 1/4 =⇒ Λ = 37 TeV, mh < 350 GeV,

sin2 θW = 3/8 =⇒ Λ " 2 × 1016 GeV, mh < 120 GeV.

We plot in figs. 5 and 6 the lightest Higgs mass in the NMSSM as a function of ∆S

confining ourselves to the two scenarios sin2 θW = 1/4 (Λ ∼ 8− 110 TeV) and sin2 θW = 3/8

(Λ = 2×1016 GeV). For low values of tan β the Higgs mass prediction is very well separated

between the two theories because the λs contribution is not suppressed much by sin2 2β

and the difference between the λs(∆S) allowed such that λs is still perturbative at Λ is

dramatically different for Λ ∼ 10 TeV (λs(∆S = 500 GeV) ∼ 2 allowed) and Λ = 2×1016 GeV

(λs(∆S = 500 GeV) ∼ 0.7 allowed). However, as we go to higher values of tanβ the Higgs

mass has very little dependence on the λ2
s sin2 2β term since it is suppressed by 1/ tanβ at

high tan β. For that reason, the two tan β = 30 lines are very nearly on top of each other in
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“MSSM+S” Limits
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